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Domain wall memory devices, wherein the information is stored in nanowires, are believed to 

replace hard disk drives. A problem that remains to be solved in domain wall memory is to pin 

the domain walls in a controllable manner at the nanometer scale using simple fabrication. Here, 

we demonstrate the possibility to stabilize domain walls by making staggered nanowires. 

Controllable domain wall movement is exhibited in permalloy nanowires using magnetic fields, 

where the pinning field is about 10 mT. The pinning field and stability of the domain walls can 

be increased by adjusting the offset dimensions of the staggered nanowires. Domain wall 

velocities (DWV) of about 200 m/s are computed for the experimentally used permalloy 

nanowires. DWV were found to be independent of pinning strength and stability, providing a 

way to tune the pinning without compromising DWV. 

 

PACS number: 75.76.+j, 68.35.Rh, 75.78.F  
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I. INTRODUCTION 

Recently, magnetic domain wall (DW) 

propagation in nanowires has been the subject of 

intensive investigations [1−18] because of its 

fundamental interest in nanomagnetism and 

potential applications. For instance, DW-based 

devices have been proposed for high capacity 

storage [8,9,14], microwave generators [19−25], 

logic devices [1,2,6,7,26,27] and sensing 

applications [10,28,29]. The motion of a DW can be 

driven by a magnetic field or a spin polarized current 

[30]. In many of these applications, however, 

controlling the DW dynamics and its position within 

the nanowire is crucial. For high-density domain 

wall based memory, several issues regarding the 

device performance such as thermal stability, power 

consumption and operation speed need to be solved. 

Thermally stable recorded data require keeping DW 

at a precise position within the nanowire for a certain 

period, which could be a few years if the data are 

archived.  Artificial nanowires (NW) with naturally 

formed defect of different geometries acting as 

trapping sites have also been investigated using both 

numerical simulation and experimental observations 

[3,31−33]. Several studies have also reported that 

creating notches experimentally using lithography 

help to block or pin domain wall [5,34−43]. These 

artificial constrictions work as pinning sites for DW 

due to their higher pinning potential than that of 

other pinning sites such as defects in the NWs. In 

their work, Bogart et al. reported that DW pinning is 

sensitive to the wall type and its chirality spin 

structure [37]. Benganza et al. investigated DW 

pinning in FeCoCu nanowires grown by 

electroplating in alumina templates [38]. They 

demonstrated the possibility to control DW by 

applying an external magnetic field.  There are also 

other proposals to use non-geometrical approaches, 

such as notches, to pin domain walls [44,45]. In this 

paper, we propose and demonstrate experimentally a 

new scheme in which the domain wall pinning 

strength is controlled precisely using a new concept 

of staggered nanowires. The proposed scheme has 

several advantages; First of all, the proposed scheme 

is easy to fabricate as it involves two simple wires 

which are partially overlapping at the edges. 

Secondly, as we will show later, the pinning strength 

can be easily adjusted by changing the depth of step 

(d) and length of step (l). Furthermore, this device 

could be made into a multiple bit per cell memory or 

a domain wall memory, based on the number of 

segments, as shown in Fig. 1.  

 

II. SAMPLE FABRICATION AND 

CHARACTERIZATION 

The samples of the type Ni81Fe19 (30 nm)/Ta (5 

nm) were deposited on thermally oxidized Si 

substrate using DC-magnetron sputtering in a 

chamber with an argon pressure of 5.7 × 10−3 mbar 

at a deposition rate of 0.1 nm/s. The hysteresis loop 

for permalloy thin films was measured by 

superconducting quantum interference device 

(SQUID). Staggered nanowires with width of 200 

nm were patterned by electron beam lithography  
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FIG. 1. (Color online) (a) Schematic representation of the device with multi-staggered nanowire. The off-set in x and y direction 

are defined by l and d, respectivelly. The large pad is for nucleation of domain wall with a smaller magnetic field than the one used 

for moving it from one pinning region to the other. (b) Optical image of the lithographically fabricated device. The numbers indicate 

the pinning regions. (c-f)  Scanning electron micrograph images of the devices after electron beam lithography and ion beam 

etching. The images show wires with different off-set values d and l. (g-h) illustration of a junction of the stagerred region with 

emphasis on the distance between the two corners of the junction. The diagonal, √(𝑤 − 𝑑)2 + 𝑙2 , shown in (h) is related to the 

pinning strength and the type of domain as will be explained in the simulation part.     

 

 

using a negative resist and ion beam etching. The 

nanowire was connected with nucleation pad at one 

of its end. Figure 1 shows a schematic of proposed 

DW device. As shown in Fig. 1(a), the nanowire has 

several segments, offset from each other by a 

distance d from the previous segment in the y 

direction. The new segment may also be overlapping 

with the previous segment in the x direction by a 

distance “l’. The DW nanowire in our experiment 

also has a reservoir at the left end, to create domains 

at lower fields, and to avoid the formation of 

reversed domains in the segments of nanowires.  

Two types of nanowire were fabricated, viz., 

nanowires with identical steps size and nanowires 

with different values of d and l as shown in Fig 6. 

According to values of d and l, eight nanowires were 

fabricated having same stepped area, four nanowires 

were with l = 0 nm and d = 50 nm, 100 nm, 150 nm 

and 200 nm. Other four with l = 50 nm and d = 50 

nm, 100 nm, 150 nm and 200 nm.  

For the proof-of-concept, we have carried out 

investigations in such geometries based on NiFe. For 

high-density applications, materials with a 

perpendicular magnetic anisotropy may be 

investigated.  
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III. RESULTS 

We show in Fig. 1 (b), an optical microscope image 

of the fabricated device. We can clearly see the 

reservoir in the optical microscope image. We also 

show the offset regions in the optical microscope by 

numbers for convenience. In figures 1(c-f), we show 

Scanning Electron Microscope (SEM) images of 

offset regions of several devices with different d and 

l values. We can notice that the overlap of the 

junction region is varying as d and l are varied, and 

we will show that the parameters of this region, in 

particular, the diagonal √(𝑤 − 𝑑)2 + 𝑙2  shown in 

figure 1(h), determines the pinning strength.  

In figure 2(a), we show the optical images of one of 

the preliminary devices based on NiFe (30 nm), 

which had the same value of l (50 nm) and d (50 nm) 

at all the junctions. To study the pinning effect of 

such a device, we saturated the sample at first, in a 

particular direction with an applied magnetic field of 

30 mT. Then, we applied a reversal field in steps of 

1 mT continuously, until we observe a reversed 

domain. In Figure 2(b), we show the formation of 

such a reversed domain with the application of a 

reversal field (9 mT). Then, we increased the 

reversal field further in order to depin the domain 

wall from the first junction. However, when the 

reversal field was about 18 mT, we noticed that the 

domain wall did not stop at the second junction but 

moved rapidly to the end of the nanowire (Fig. 2(c)). 

Since the pinning field strength depends strongly on 

the values of d and l, and since the values of d and l 

are uniform at all the junctions, they have the same 

pinning field strength. Therefore, for an applied  

 

FIG. 2. (a) An optical image of the fabricated device showing 

the reservoir magnetic area where the domain wall is first 

created. The arrows show the different staggered regions where 

domain wall could be stabilized/pinned. In this case d and l were 

the same in each step. (b-c) two magneto-optical images for the 

device where the domain wall is pinned at the first step (b) then 

moved to the end of the device (c). 

 

magnetic field stronger than the pinning field 

strength, the domain walls are not pinned at the other 

junctions. These results indicate that this design of 

staggered nanowires does not allow for controlled 

pinning at the different junctions, particularly when 

we study the field-driven domain wall motion. 

As the next step, we fabricated 20 nm-thick NiFe 

based staggered nanowires with increasing values of 

d from left to right, by keeping the value of l fixed in 

a nanowire. We also fabricated several nanowires 

with various values of l. Figure 3 (a) shows the 

microscopic image and MOKE images for nanowire 

with step dimensions of l = 0 nm and various d 

values (the positions of steps are indicated by 

arrows). From figure 3(a), we can notice that the first 

domain is formed at a field of 9 mT. The domain 

wall is pinned at the first junction until a reversal 

field of 16 mT is applied. The domain wall moves to 

the next junction only at a reversal field of 21 mT 

and so on. These results confirm our understanding  
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FIG. 3. The fabricated device with (a) l = 0 and (b) l = 50 nm. The values of d were varied from 50 to 200 nm with a step of 50 nm. 

The sample was first saturated at 30 mT in one direction then a reversed field was applied in the opposite direction. The depinning 

feld is indicated at the left side of each figure. The length and width of the nanowire are 75µm and 200 nm, respectively.  

 

that the pinning strongly depends on l and d. The 

improved device design with increasing values of d 

helps to control the pinning at each junction 

precisely.  

Figure 3(b) shows similar images for nanowires with 

step dimensions of l = 50 nm and various d values. 

We notice, in this case also, that the pinning strength 

and the depinning field depend on the junction as for 

the nanowire with l = 0 nm. However, the depinning 

field in this case is slightly smaller than what was 

observed with l = 0 nm. This can be understood 

based on the schematics shown in figure 1(g) and 

1(h). For the case of l = 0 nm [Fig.1(g)], the width of 

the constriction region is w−d, where w is the width 

of the nanowire. However, for the case of l > 0 nm 

[Fig.1(h)], the width of the constriction is 

√(𝑤 − 𝑑)2 + 𝑙2, which is larger than the case of l = 

0 nm. As the effective constriction is narrower in the 

case of l = 0 nm, it provides the largest pinning field.  

We also carried out similar measurements for 

nanowires with a thicker NiFe layer (30 nm), to 

understand the effect of thickness. Figure 4 shows 

the domain observation trend for different values of 

the reversal magnetic field. We noticed that the 

depinning field is generally larger for thicker NiFe 

layers (about 30%).  
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FIG. 4. (a) Magnetooptical images of domain wall motion for staggered NiFe (30 nm) with l = 0 and different values of d. The 

numbers indicate the position of staggered regions where domain wall was pinned precisely as the applied magnetic field is 

increased. The depinning field as a function of d for two different values of l for (b) the case of 30 nm thick NiFe and (c) for the 

case of 20 nm thick NiFe. 

 

We show in figure 4b, the dependence of depinning 

field (Hdep) for various values of l and d. We can 

notice that the Hdep increases linearly with d. Similar 

result was observed for the case of 20 nm thick 

permalloy [Fig. 4(c)]. The trend is the same 

irrespective of the values of l. However, for a 

constant d, the depinning is the largest for l = 0 nm. 

These results are consistent with the schematic 

shown in figure 1(g-h). 

After observing that the staggered nanowire is 

effective in pinning the domain walls, we proceeded 

to examine the stability of the domains formed at 

the junctions. For this purpose, we used MOKE set 

up observation in the presence of an in-plane 

magnetic field. Firstly, we saturated the sample at a 

magnetic field of 30 mT applied along one direction 

to saturate the magnetization in that direction. Then, 

we applied a reversal field and waited for a certain 

time , after which the domain moved. We saturated 

the sample again and increased the reversal field by 

1 mT and observed the relaxation time for the 

domain wall to be displaced from the pinning site. 

We carried out this investigation of relaxation time 

(τ) versus the applied reversal magnetic field (H) for 



7 
 

FIG. 5. (a) Relaxation time versus applied magnetic field for staggered nanowires with 30 nm-thick NiFe. For a given applied 

magnetic field, staggered nanowire with larger d are more stable. (b) The applied magnetic field as a function of relaxation time 

following Eq. (2) for  = 2. 

values less than that of depinning field. Figure 5 (a) 

shows the relaxation time , for various values of H. 

We notice that the relaxation time is shorter for 

larger values of reversal field and that the values of 

τ and H follows the relation shown in Eq. (1) 

[46−48]. 

      𝜏 = 𝜏΄0 𝑒𝑥𝑝 [
𝐾𝑢𝑉

𝑘𝐵𝑇
 (1 −

𝐻

𝐻0
)

𝛼
]            (1) 

 𝐻 = 𝐻0 − 𝐻0 (
𝑘𝐵𝑇

𝐾𝑢𝑉
)

1/𝛼
[𝑙𝑛 (

𝜏

𝜏΄0
)]

1/𝛼
      (2) 

where 𝜏0′ is the inverse of the attempt time with the 

value of 10−8 s, kB is Boltzman constant and H0 is 

the intrinsic depinning field. Equation (1) can be 

derived to yield equation (2). In order to estimate 

the stability of this device, we plotted H vs 

( ln (
𝜏)

𝜏0
′

) )1/α which follows the linear relationship, 

shown in FIG. 5(b). Table 1 summarizes various 

properties obtained from the fitting. From the fitted 

data to equation 2, it was found that the domain 

stability for d =150 nm was about one and half years. 

For materials with higher anisotropy, the stability 

could be increased. It is also expected that the 

stability could be increased by reducing l. 

To understand the types of domains formed in 

these nanowires, we also inspected the magnetic 

domain patterns of the samples using magnetic 

force microscope (MFM). In figures 6 (a & b), we 

show MFM images of two junctions. We can notice 

a bright spot at the centre of the junction in both the 

images, indicating the emergence of magnetic flux.   

 

Table 1. Properties obtained from the fit of experimental 

data to equation 2, for  = 1.5. The values of the three 

fitting parameters do not differ much with  for d= 50 

and 100 nm, except for d= 150 nm where an increase 

could be seen. 

 

d (nm) 50 100 150 

H0 (T) 0.131 0.135 0.089 

KuV/kBT 27 28.6 37.8 

Stability 528 s 2220 s 300 days 
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FIG. 6. (a and b) MFM images of stable domain wall at the first 

and second junction of staggered NiFe (20 nm). (c-f) 

Micromagnetic simulation images for devices with l = 50 and 

different d values.  The two yellow arrows indicate the effective 

width of the junction as described in Fig. 1(h). 

 

However, from the images it was not clear which  

type of domain is formed at these junctions. 

Therefore, we carried out micromagnetic 

simulations of the junctions for different values of 

d, using OOMMF [26]. Same material parameters 

and dimensions as in experiments were used in the 

simulation. Four junctions with l = 50 nm and d = 

50, 100, 150 and 200 nm were simulated. The mesh 

size was fixed to 5 nm × 5 nm × 5 nm, sufficiently 

smaller than the exchange length of NiFe (~ 5.3 nm). 

DWs were created at the reservoir first, then 

depinned in to the nanowire to form domains as 

shown in Fig. 6 (c−f). We notice that the domain 

wall type and spin structure formed at the junction 

depends on the design parameters. For d = 50 nm, 

we observe a vortex DW (VDW). For larger values 

of d (100 nm and above), a transverse DW (TDW) 

was observed. The arrows in each graph indicate the 

magnetic moment directions for the left and right 

arms, respectively. Snapshot images of the stepped 

nanowire with different constriction sizes of l = 50  

nm: (c) d =50 nm, (d) d =100 nm (e) d =150 nm and 

(f) d =200 nm shows DW is pinned at the stepped 

area. We also used micromagnetic simulations to 

estimate the domain wall velocity. Figure 7 shows 

magnetization component (mx) along the wire 

direction as a function of time for devices with 

various values of d. The slope of this graph gives 

the rate of change of magnetization, or in other 

words, domain wall displacement as a function of 

time. It can be noticed that the slope is almost the 

same for all the devices. Considering that the length 

of a nanowire segment is 15 m and that it takes 

about 70 ns for the domain wall to cross this 

distance, we determined the DW velocity to be 

about 200 m/s, which is in a reasonable range for  

 

 

FIG. 7. Normalized x-component of NiFe (30nm) nanowire 

magnetization as a function of time for devices shown in Fig. 

6(c-f). The left bold arrow indicate the position of domain wall 

at the right side of reservoir and the right bold arrow indicate 

the position of the domain wall at the junction region. Domain 

wall moves with a constant velocity of about 200 m/s. 

 

applications in DW devices as previously shown 

experimentally [4]. These results also indicate that 

the DW velocity is independent of d or indirectly, 

the pinning strength. 



9 
 

IV. SUMMARY 

We have proposed and demonstrated the use of 

staggered domain wall nanowires for effective 

tunable and controlled pinning of domain walls. We 

have observed the DW movement using MOKE for 

various applied field. We found that domain wall 

depinning field (Hdp) depends on the design 

parameters, l and d and the thickness of the NiFe 

layer investigated in this work. We also investigated 

the stability of DWs by relaxation time 

measurements and noticed an exponential 

dependence between DW relaxation time and the 

applied magnetic field that allows us to extract 

stabilities over years for the pinned domain walls. 

In addition, we have investigated the DW type by 

MFM and micromagnetic simulation, and found 

that the domain wall type depends on the geometry 

of the junction. Finally, domain wall velocities of 

200 m/s can be expected for these devices showing 

that the combination of fast domain and controlled 

pinning can lead to good device performance. 
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